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ABSTRACT 
The feasibility of sediment treatment by magnetized and textile forms of activated carbon 
(AC) is evaluated in a laboratory well-mixed condition, targeting removal of polycyclic 
aromatic hydrocarbons (PAHs) from contaminated sediments by amendment of the AC 
and subsequent AC retrieval. In water, the apparent PAH sorption coefficients for 
magnetized ACs are comparable to those for a non-magnetized AC, while the textile form 
of AC exhibited smaller values, which is likely due to the slow PAH sorption kinetics 
resulting from its thickness. When the magnetized ACs are added in a sediment slurry, 
the apparent PAH sorption coefficients generally become somewhat smaller than those 
determined in water, suggesting the sorption attenuation effect by dissolved and/or 
colloidal organic matter for the ACs. Still, treatment of a PAH-contaminated sediment by 
5 dry wt% of the magnetized ACs substantially reduces polyethylene sampler uptakes (by 
88-89%). By analyzing PAHs after magnetic separation of the AC particles and sediment, 
it is shown that significant PAH mass removal can be achieved by the AC-sediment 
contact followed by AC retrieval. The feasibility of the sediment treatment is challenged 
by low magnetic particle collection efficiency (50-60%), suggesting that the durability of 
magnetic susceptibility of the magnetized ACs should be improved.  
 
Key words: Magnetic activated carbon; Carbon cloth; Sediment remediation; Sorption; 
PAHs  
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1.  Introduction 
 
Activated carbon (AC) is one of the most efficient sorbents for organic contaminants, 
widely used for the purification of water [1]. Exploiting its excellent sorption capacity 
and affinity for hydrophobic organic contaminants (HOCs), an in-situ sediment 
remediation technique using AC as sediment amendment was developed and is being 
practically applied in several sites around the world [2, 3]. The effectiveness of in-situ 
AC amendment to control the (bio)availability of HOCs in sediment has been 
demonstrated using aqueous concentration measurements [4, 5], passive sampler uptakes 
[5-7], and uptakes in sediment biota [5, 7] as indicators.  
Retrieval of AC from sediment after deployment would achieve HOC mass removal 
and would be attractive in some situations [8].  For example, in field application the 
technique is used to control the risk and bioavailability of HOCs, and this may fail to 
comply with local regulations or treatment goals, which are often established as sediment 
HOC concentration determined by exhaustive extraction procedures [8].  
A limited number of studies have been recently reported in the literature for the 
application of the AC amendment technique with complete removal of HOCs from 
sediment by physical separation of the AC from sediment [8, 9]. One approach is to 
contact fine-grained sediment with granular activated carbon (GAC) and subsequently 
separate the GAC from the sediment by sieving and centrifugation [8]. The applicability 
of this technique to extract HOCs from sediment was demonstrated by Rakowska et al. 
[8]. Another approach suggested is to use magnetic AC produced by a wet precipitation 
of iron oxide to AC, and magnetic separation of the particles from sediment after contact 
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[9]. Han et al. [9] reported that the effectiveness of magnetic ACs to reduce aqueous 
HOC concentrations in sediment slurry is comparable to that of non-magnetized ACs.  
In this study, magnetic ACs were produced in the laboratory using AC from two 
different feedstocks, coal and coconut. A commercially available AC in textile form, 
which can also be easily retrieved after contacting with sediment, was obtained. 
Polycyclic aromatic hydrocarbon (PAH) sorption characteristics of the three types of 
retrievable ACs were compared with that of a non-magnetized AC both in clean water 
and a sediment slurry. The potential of PAH mass removal from contaminated sediment 
by contacting with the coal-based magnetic AC and sediment and then selectively 
collecting the magnetic particles was experimentally demonstrated.  
 
2.  Materials and Methods 
 
2.1. Materials 
 
Two types of commercially available AC, one derived from bituminous coal by Calgon 
Corporation (Type TOG; Pittsburgh, PA) and the other derived from coconut shells by 
Cabot Norit Nederland B.V. (Amersfoort, the Netherlands), were obtained. The coal-
derived AC (henceforth referred to as coal-AC) was ground and sieved to obtain 75-150 
μm grain size range. The coconut shell-derived AC (henceforth referred to as coconut-AC) 
was pulverized to obtain a grain size of <65 μm. The geometric mean particle size of the 
coconut-AC was determined to be 7.3 μm by Han et al. [10]. 
 5 
The coal- and coconut-ACs were magnetized by a chemical precipitation technique 
suggested in Han et al. [10] with the details of procedure provided therein. In brief, 25 g 
coal- or coconut-AC, 18.3 g of FeSO4.7H2O, and 33.3 g FeCl3.6H2O were added to a 2 L 
beaker filled with 1 L de-ionized water, and placed on a heater. After heating the mixture 
up to 65°C, it was cooled down to 40°C while stirring. The pH of the mixture was 
adjusted to 11 by adding 5 M NaOH solution to precipitate the iron hydroxides, and then 
the stirring was continued for another hour. After resting overnight, the supernatants were 
removed from the mixture. The precipitants were then washed and rinsed with de-ionized 
water into the filter paper followed by rinsing with ethanol. The magnetized product was 
ready for use after drying at 80ºC in an oven overnight. The magnetic carbons produced 
from coal- and coconut-ACs were referred to as mag-coal-AC and mag-coconut-AC, 
respectively.  
In addition to the magnetized ACs, a commercially-available, textile form of AC 
(Type FM30K; Chemviron Carbon Cloth Division, Houghton le Spring, U.K.) was used 
as a candidate for retrievable AC. This material is hereafter referred to as AC cloth. 
According to the manufacturer, the AC cloth was produced from viscous rayon. The 
source material underwent a series of chemical and heating processes to reduce the rayon 
and activate the carbon-rich product, resulting in a textile with a thickness of 0.4 mm 
made entirely of AC.  
Low-density polyethylene (PE) with 51 μm thickness was obtained from Brentwood 
Plastics (St. Louis, MO, U.S.). The PE was precleaned by rolling at 2 rpm for 24 hours 
with clean hexane, 30 minutes with clean acetone, and then 30 minutes with deionized 
water. The PE was then collected, dried at 60°C, and stored at 4°C until use.  
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A sediment sample collected from a petroleum-impacted site was used for the 
current study. The physicochemical properties and the PAH concentration of the 
sediment analyzed in our previous study [11] are provided in Table 1 and Fig. 1.  
 
Table 1. Physicochemical properties and PAH concentrations for the sediment sample 
used in this study. All values are obtained from Choi et al. [11]. Values in parentheses 
represent standard deviations for triplicate measurements. 
Properties Values 
Total organic carbon content (%) 4.0 (±0.1) 
Black carbon content (%) 0.73 (±0.07) 
Total petroleum hydrocarbons (mg kg-1) 3740 
Oil and grease content (mg kg-1) 10800 
Total parent-PAHsa (mg kg-1) 11.6 (±4.3) 
Total alkylated-PAHsb (mg kg-1) 114 (±16) 
Total PAHsc (mg kg-1) 125 (±17) 
aSum of 18 parent-PAHs.  
bSum of 20 groups of alkylated-PAH isomers.  
a,bList of the parent- and alkylated-PAHs is found in Fig. 1. 
cSum of total parent PAHs and total alkylated PAHs. 
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Fig. 1. Concentrations of individual (a) parent PAHs and (b) alkylated PAH isomer 
groups for the study sediment. The error bars represent standard deviation of triplicate 
measurements. C# for alkylated PAH isomer groups represent the number of aliphatic 
carbons attached to the aromatic ring. Abbreviations: NAPH, naphthalene; ACENY, 
acenaphthylene; ACEN, acenaphthene; FLUO, fluorine; PHEN, phenanthrene; ANTH, 
anthracene; FLUA, fluoranthene; PYR, pyrene; B[a]A, benz[a]anthracene; CHRY, 
chrysene; B[b]F, benzo[b]fluoranthene; B[k]F, benzo[k]fluoranthene; B[e]P, 
benzo[e]pyrene; B[a]P, benzo[a]pyrene; PER, perylene; I[1,2,3-cd]P, indeno[1,2,3-
cd]pyrene; D[ah]A, dibenz[ah]anthracene; B[ghi]P, benzo[ghi]perylene. 
 
2.2. Sorbent characterization 
 
Specific surface area, pore volume, and average pore size were determined by gas 
(N2) adsorption/desorption using the BET method with the Micrometrics TriStar 3000 
Analyzer system as described in Han et al. [10]. The material density was measured by a 
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pycnometer (Accupyc 1330, Micrometrics). The surface element distribution was 
analyzed by a Scanning Electron Microscope (SEM) equipped with an Everhart Thornley 
secondary electron detector, and an Energy-Dispersive X-ray spectroscopy (EDX) 
detector (Leo 1450 VP, Oxford INCA Energy 200 Premium Si (Li) SATW-Detector). An 
acceleration voltage of 17 kV was used. The SEM-EDX analysis was conducted for one 
of the magnetized ACs, mag-coconut-AC, to verify the formation of the iron oxide 
composite and observe the surface coverage of the AC by the iron deposits. 
 
2.3. Sorption coefficient measurements in clean water 
 
Sorption coefficients for PAHs between water and the retrievable ACs, mag-coal-
AC, mag-coconut-AC, and AC cloth, were determined in clean water following a 
procedure described previously [11, 12]. The sorption coefficients for coal-AC were also 
determined for comparison. Firstly, clean 2.5 cm x 25 cm PE strips were contacted with 
the sediment for 20 weeks to preload the PEs with a mixture of PAHs. The preloaded PEs 
were collected, wiped clean, and stored at 4°C in a capped vial until use. Triplicate 2.5 
cm × 2.5 cm PE pieces were taken from the batch to analyze preloaded PAH 
concentration. The PAH concentration in the preloaded PE followed the characteristic 
PAH distribution in the original sediment as shown in Fig. A.1 in the Supplementary 
Data.  
The preloaded PEs were equilibrated with each of the sorbents studied to determine 
sorption coefficients. After adding 50 mg preloaded PE and 200 mg sorbent in a 40 mL 
vial, the vial was filled with deionized water containing 1 mg L-1 sodium azide as a 
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microbial inhibitor. The vials were capped and shaken at 100 rpm for 3 months to achieve 
equilibrium. The preloaded PEs were then retrieved, wiped clean, and analyzed for PAH 
concentrations. The apparent sorption coefficients in clean water, Ks(app)_clean (cm
3 water 
g-1 sorbent), were determined using a PAH mass balance as follows  
𝐾𝑠(𝑎𝑝𝑝)_𝑐𝑙𝑒𝑎𝑛 =
𝐾𝑃𝐸−𝑤
𝐶𝑃𝐸
×
𝑀𝑃𝐸(𝐶𝑃𝐸0 − 𝐶𝑃𝐸) − 𝑉𝑤(𝐾𝑃𝐸−𝑤/𝐶𝑃𝐸)
𝑀𝐴𝐶
 
(1) 
where KPE-w (cm
3 water g-1 PE) is the PE-water partitioning coefficient; CPE0 and CPE (ng 
PAH g-1 PE) are the PE concentrations before and after the contact; MPE and MAC (g) are 
the masses of PE and AC added in the vial; and Vw (cm
3) is the volume of water added in 
the vial. Sorption coefficients were not determined if the differences between the mean 
values of CPE0 and CPE by triplicate measurements were not statistically significant at a 
significance level of 0.01.  
 
2.4. Sorbent performance to reduce aqueous PAH concentrations 
 
Performance of coal-AC, mag-coal-AC, mag-coconut-AC, and AC cloth to reduce 
the aqueous PAH concentrations in a sediment slurry at various AC-sediment contact 
times was tested. The PE sampler was used as an indicator of the reduction of aqueous 
PAH concentrations by sorbent amendment. In 125 mL amber jars, 93 g sediment as wet 
weight (approximately 50 g as dry weight), and 50 mL artificial saline solution was 
added. The artificial saline solution was prepared by dissolving sea salt (Red Sea, 
Houston, TX) into deionized water to achieve a salinity of 20 g L-1, which was the value 
measured for the sediment pore-water. Sodium azide was added to achieve 1 g L-1 in the 
aqueous phase of the sediment slurry to inhibit microbial activity. In each jar, 2.5 g of 
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one of the ACs (i.e., 5% dose on sediment dry weight basis) and three clean pieces of PE 
cut in 2.5 cm × 2 cm were added. The amount of PE added in the jars was less than 5% 
(w/w) of the amount of sediment organic carbon to minimize the effect of PE on PAH 
behavior [13]. Triplicate jars were prepared for each treatment. A triplicate set with no 
sorbent addition was also prepared as untreated controls. The jars were then placed on a 
horizontal shaker and shaken for a total period of 6 months. At 1, 2.5, and 6 months, one 
piece of PE was collected from each jar. The collected PE was wiped clean with 
Kimwipes and extracted twice using 40 mL hexane for 24 hours each.  
In addition to the measurement of the sorbent performance quantified as the 
reduction in PAH PE concentration by sorbent addition, the apparent sorption coefficients 
in the sediment slurry for the sorbents, Ks(app)_slurry (cm
3 water g-1 sorbent), were 
determined from the slurry phase experiment as 
𝐾𝑠(𝑎𝑝𝑝)_𝑠𝑙𝑢𝑟𝑟𝑦 =
𝐾𝑑 × (1 − 𝐶𝑃𝐸,𝑡𝑟𝑒𝑎𝑡𝑒𝑑/𝐶𝑃𝐸,𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑)
dose × 𝐶𝑃𝐸,𝑡𝑟𝑒𝑎𝑡𝑒𝑑/𝐶𝑃𝐸,𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
 
(2) 
where Kd (cm
3 water g-1 sediment) is the sediment sorption coefficient; CPE,treated and 
CPE,untreated (g PAH g
-1 PE) are the PE concentrations in sorbent-treated samples and 
untreated controls, respectively; and dose (g sorbent g-1 sediment) is the sorbent dose on 
sediment dry weight basis. Details on the derivation of eq. (1) from the PAH mass 
balance in the tested systems and the validity to use the equation for contact times of 2.5 
and 6 months is demonstrated in the Supplementary Data. The Kd value for each PAH 
was determined using the experimental results for the untreated controls as listed in 
Table A.1 in the Supplementary Data. The Ks(app)_slurry values were not determined if 
the differences between the mean values of CPE,treated and CPE,untreated by triplicate 
measurements were not statistically significant at a significance level of 0.01. 
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2.5. Measurement of PAH sequestration to magnetic AC 
 
The amount of PAHs sequestered to ACs by mass transfer from sediment by slurry 
phase contact was examined using mag-coal-AC as a model sorbent. PAHs in sediment 
and mag-coal-AC were determined after the slurry phase contact by separating the mag-
coal-AC particles from the sediment slurry. Because tedious efforts were needed to 
recover the mag-coal-AC free of sediment particles, smaller sample size was used in this 
experiment compared to that applied in sorbent performance experiments.  
In 50 mL amber jars, 1.0 g of mag-coal-AC and 10 g dry weight of sediment was 
added, and the jar were filled with the artificial saline solution containing 1 g L-1 sodium 
azide. Samples without sorbent addition were prepared and run in parallel. Duplicate 
samples each for the mag-coal-AC treated and untreated conditions were prepared. The 
jars were shaken on a 100-rpm shaker for 6 months. For samples added with mag-coal-
AC, the magnetic particles were recovered using an electromagnet after shaking. Particles 
attached to the electromagnet were carefully washed with deionized water to remove any 
non-magnetic particles and then collected in a beaker. After allowing sufficient time for 
complete settling, the supernatant was pipetted out and the recovered particles were 
placed in a fume hood until dry. The non-magnetic particles washed out from an 
electromagnet were combined with the sediment slurry. 
The recovered dry magnetic particles were weighed to determine mag-coal-AC 
recovery and then subject to ultrasonic extraction using 1/1 (v/v) hexane/acetone 
following a modified U.S. EPA Method described in Ghosh et al. [14]. To extract PAHs 
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from the remaining sediment slurry, the following procedure was developed and used. 
Initially, the aqueous phase containing sediment colloidal matter was pipetted and 
collected in an amber bottle. Acetone was added to the remaining wet sediment and the 
sediment was gently swirled to replace water in sediment pores with acetone. The 
supernatant was then combined with the aqueous phase of the sediment slurry collected 
in the amber bottle. After repeating this step for three times, the sediment was extracted 
by sonication as described above. The acetone and aqueous phase supernatants collected 
in the amber bottle were extracted four times using 10 mL hexane each. The sediment 
and supernatant extracts were then combined, treated with anhydrous sodium sulfate to 
remove any residual water, and then filtered through a 0.45 μm glass fiber filter.  
 
2.6. Extract cleanup and PAH analysis 
 
The extracts from dry or wet sediment, magnetic particles, or PE were added to an 
activated silica column to remove any analytically interfering compounds and then 
concentrated into 1 mL in methylene chloride. The concentrate was analyzed using a gas 
chromatograph-mass spectrometer (GC-MS; Agilent model 6890 and 5973N, 
respectively). The GC-MS analytical procedure is described in detail elsewhere [6, 11].  
 
3.  Results and Discussion 
 
3.1. Sorbent properties  
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The SEM-EDX image of mag-coconut-AC is shown in Fig. 2. It is observed that iron 
oxides are deposited on the surface of the AC, forming composites of AC/iron oxide as 
expected. The surface of the AC particles is partially covered by the iron oxide deposits. 
 
 
Fig. 2. A SEM-EDX image of mag-coconut-AC. Heavy elements are marked in red, 
indicating the presence of iron oxides on the AC surface.   
 
The physicochemical properties of the ACs determined in this study are listed in 
Table 2. By magnetization, the specific surface areas of the sorbents are reduced. This 
can be attributed to the addition of iron oxides into the AC by magnetization, which have 
considerably smaller specific surface area (66 m2 g-1 according to Oliveira et al. [15]) 
than the AC. Using the impregnation procedure adopted in this study, the iron oxide mass 
fraction for mag-coal-AC and mag-coconut-AC is expected to be 0.37 [10]. The 
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theoretical values of specific surface area calculated based on mass fractions and specific 
surface areas of iron oxide and the ACs are 559 and 639 m2 g-1 for mag-coal-AC and 
mag-coconut-AC, respectively. These values are within 10% of the measured specific 
surface areas of the magnetized ACs. If the surface coverage of the ACs by iron oxide 
deposits resulted in significant blockage of N2 accessible pores in the ACs, the measured 
specific surface areas for the magnetized ACs would be significantly smaller than the 
theoretical values calculated based on mass fractions. The correspondence of the 
measured and theoretical values of specific surface area suggests that most of the pores in 
the ACs are accessible to N2 after magnetization. The specific surface area of AC cloth is 
comparable to those of coal- and coconut-ACs. By magnetization, the pore volumes of 
the ACs decreased while the porosities increased. Reduction of pore volumes by AC 
magnetization was reported in a previous study [16]. It is likely that the iron oxides 
deposited on the ACs have smaller total volume of pores on a weight basis but greater 
volume of pores on a volume basis than the ACs. 
 
Table 2. Physicochemical properties of the carbonaceous sorbents.  
Sorbents Specific surface 
area (m2 g-1) 
Pore volume 
(cm3 g-1) 
Material 
density 
(g cm-3) 
Porosity 
Coal-AC 
(precursor of mag-
coal-AC) 
849 0.478 1.85 0.469 
Mag-coal-AC 506 0.397 2.45 0.493 
Coconut-AC 
(precursor of mag-
975 0.473 1.83 0.464 
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3.2. Apparent sorption coefficients determined in clean water 
 
The logarithms of apparent sorption coefficients in clean water (log Ks(app)_clean) for the 
ACs are plotted against the logarithms of octanol-water partitioning coefficients (log Kow) 
in Fig. 3. Magnetization of coal-AC slightly reduces the PAH sorption capability in clean 
water, but the effect is not remarkable. The mean PAH Ks(app)_clean values for mag-coal-
AC are only 0.26±0.18 log units (mean±95% confidence interval, n=20) smaller that for 
the coal-AC. When the Ks(app)_clean values are normalized by carbon content, the 
difference in the mean values for the two sorbents is not statistically significant. The 
carbon content for mag-coal-AC is expected to be 63% of (or 0.20 log unit smaller than) 
that for coal-AC since iron oxide content in mag-coal-AC is expected to be 37%. The 
magnetic sorbents generated from different ACs, mag-coal-AC and mag-coconut-AC, do 
not show any statistically significant difference in the mean values of Ks(app)_clean (p>0.5, 
paired t-test, n=20). These results suggest that the performance of the magnetic ACs for 
sorption of PAHs in clean water is comparable to that for coal-AC.  
It is known that PAHs are strongly sorbed to AC mainly by a specific mechanism 
such as π-π interaction [17, 18]. Because of the much higher sorption affinity of AC 
surface than iron oxide surface to non-ionic, aromatic organic compounds, studies 
showed that iron oxides did not significantly contribute to the sorption capacity of 
magnetic ACs for these types of compounds including PAHs [10, 15]. Rather than 
coconut-AC) 
Mag-coconut-AC 642 0.404 2.63 0.515 
AC cloth 1080 0.332 1.64 0.352 
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providing new sorption sites, iron oxide deposits on AC can affect PAH sorption by 
changing the AC pore structure, altering the PAH pore accessibility and diffusion path 
lengths [9]. The analysis on the mean Ks(app)_clean values for the studied PAHs shows that 
the change in AC pore structure by magnetization does not significantly reduce the PAH 
sorption capability in clean water.  
AC cloth generally exhibits about 5-fold smaller log Ks(app)_clean values than other 
ACs. It shows 0.72±0.31 (mean±95% confidence intervals, n=20) smaller mean log 
Ks(app)_clean values than coal-AC and 0.48±0.26 (mean±95% confidence intervals, n=18) 
smaller values than mag-coal-AC, suggesting that AC cloth is somewhat less favorable 
for PAH sorption from aqueous solutions compared to other sorbents studied. Still, the 
various forms of AC have very large apparent sorption coefficients compared to 
amorphous natural organic matter. 
The correlation between the Ks(app)_clean values and the Kow values for individual 
PAHs is the strongest for coal-AC, slightly weaker for the magnetized sorbents, and the 
weakest for AC cloth (see Fig. 3). The Ks(app)_clean values generally increase with the 
increase in Kow, but distinctive deviations from the linear log Kow-log Ks(app)_clean 
relationship are observed for mag-coal-AC, mag-coconut-AC, and AC cloth. For example, 
for mag-coal-AC, the log Ks(app)_clean for 2,3,6-trimethylnaphthalene (log Kow=4.73) is 
7.40±0.28 while the log Ks(app)_clean for a slightly more hydrophobic PAH 2-
methylanthracene (log Kow=5.00) is 6.04±0.15. For AC cloth, the log Ks(app)_clean for a 4-
ring PAH chrysene (log Kow=5.81) is 1.5 log unit greater than the log Ks(app)_clean for a 5-
ring PAH perylene (log Kow=6.25).  
 17 
The different log Kow-log Ks(app)_clean relationship among the ACs is likely due to the 
difference in PAH accessibility to the AC micropores and sorption kinetics. Based on the 
analysis detailed in the Supplementary Data, it is likely that the sorption equilibrium is 
not established between the particle phase sorbents (coal-AC, mag-coal-AC, and mag-
coconut-AC) and the preloaded PE for most PAHs within the three month contact applied 
for the experiment. As discussed above, impregnation of iron oxides onto AC should alter 
the pore accessibility and diffusion paths for PAHs. Because of the difference in AC pore 
structure for the pristine and magnetic ACs, the ACs may exhibit different molecular 
sieving effects and sorption kinetics for PAHs. Therefore, although the mean Ks(app)_clean 
values for the studied PAHs are comparable for coal-AC and the magnetic ACs, the value 
for each individual PAH can be significantly different from one another. The thickness of 
AC cloth (400 μm) is greater than the diameter for the particle phase sorbents coal-AC, 
mag-coal-AC, and mag-coconut-AC (particle size range of 75-150 μm, 75-150 μm, and 
<65 μm, respectively), suggesting that kinetic effect plays a greater role in the Ks(app)_clean 
values for AC cloth than the other sorbents. The slower sorption kinetics expected for AC 
cloth explain why its Ks(app)_clean values tend to slightly decrease with an increase in the 
Kow values for PAHs with log Kow > 6 (see Fig. 3d). The fact that the mean PAH 
Ks(app)_clean value for AC cloth is distinctively smaller than other sorbents can also be 
described by the slow sorption kinetics.  
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Fig. 3. Logarithms of apparent sorption coefficients in clean water (Ks(app)_clean, cm
3 g-1)  
determined for a) coal-AC, b) mag-coal-AC, c) mag-coconut-AC, and d) AC cloth 
plotted against the PAH log Kow values. 
 
3.3. Sorbent performance to reduce aqueous PAH concentrations in sediment slurry 
 
Significant reductions in PE uptake for total PAHs (i.e., sum of 24 PAHs analyzed) are 
observed after contacting the ACs at a dose of 5 dry wt%. After 6 months, the PE uptake 
is reduced by 98%, 88%, 89%, and 78% for coal-AC, mag-coal-AC, mag-coconut-AC, 
and AC cloth, respectively (see Fig. 4). Coal-AC shows better performance to reduce PE 
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uptake, which is an indicator of aqueous PAH concentrations in sediment slurry, than the 
magnetized sorbents. AC cloth shows the lowest performance among the studied sorbents. 
In terms of total PAHs, changes in %-reduction in PE uptake over time is not clearly 
observed during 1 to 6 months of contact. Although the mean values of the %-reduction 
gradually increased with contact time for all sorbents, the difference in the %-reduction at 
contact times of 1, 2.5, and 6 months is statistically significant only for mag-coconut-AC 
(ANOVA, p=0.033 for mag-coconut-AC and p>0.3 for others).  
 
 
Fig. 4. Percent reductions in PE uptake for the sorbent-treated sediment slurries at a dose 
of 5 dry wt% compared to the untreated samples after 1, 2.5, and 6 month contact. The 
error bars represent standard errors (n=3).  Data represent the sum of 24 PAHs analyzed.  
 
The Ks(app)_slurry values determined using eq. (1) for a contact time of 2.5 months and 
the Ks(app)_clean values determined in clean water are compared in Fig. 5. For coal-AC, the 
plotted data are distributed around the 1:1 line, indicating that the apparent sorption 
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coefficients determined in the sediment slurry are not systematically different from those 
determined in clean water. On the other hand, the data are mostly plotted on the bottom-
right side of the 1:1 line for mag-coal-AC, mag-coconut-AC, and AC cloth, indicating 
generally smaller Ks(app)_slurry than Ks(app)_clean. This is confirmed by a statistical analysis of 
the differences between the Ks(app)_slurry and Ks(app)_clean values as shown in Table A.3 in 
the Supplementary Data.  
The smaller Ks(app)_slurry values compared to the Ks(app)_clean values for the three 
retrievable ACs suggest that PAH sorption for these sorbents are affected by the presence 
of dissolved organic matter (DOM) and/or colloidal matter. The Ks(app)_clean values are 
determined in a PE-water system while the Ks(app)_slurry values are determined in a PE-
water-sediment system. In the PE-water system for Ks(app)_clean determination, the effect of 
sorption competition among different HOCs is accounted for as the sediment HOC-
preloaded PE is added. Therefore the major difference between the two systems is the 
presence of DOM and/or colloidal matter which may interfere with PAH sorption onto 
the sorbents [19, 20]. For coal-AC, the interference by DOM or colloidal matter for PAH 
sorption is likely to be less pronounced, as its Ks(app)_slurry values are similar to its 
Ks(app)_clean values. 
Although the coverage of AC surface by iron oxides did not result in a significant 
blockage of N2 accessible pores of the magnetized ACs, it is still possible that the iron 
oxide deposits reduced the accessibility of larger molecules such as PAHs to the AC 
pores. In addition, the iron oxide coverage on AC surface may result in increased path 
length for PAHs to reach the AC pores, retarding the PAH sorption process. It is likely 
that the effects of these mechanisms are more pronounced in the presence of DOM and/or 
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colloidal matter which may also participate in limiting the PAH accessibility to AC pores 
or retarding PAH sorption to the ACs. 
Because of the effect of DOM and/or colloidal matter on PAH sorption, the 
Ks(app)_slurry values for the magnetized ACs are significantly smaller than those for the 
coal-AC. The mean PAH Ks(app)_slurry values for mag-coal-AC and mag-coconut-AC are 
smaller than that for the coal-AC by 0.95±0.26 and 1.05±0.28 log units (mean±95% 
confidence interval, n=21), respectively. The difference between the mean Ks(app)_slurry 
values for mag-coal-AC and mag-coconut AC is not statistically significant (p>0.1, 
paired t-test, n=21) indicating that they show comparable performance in sediment slurry. 
AC cloth exhibits the smallest PAH Ks(app)_slurry values among the studied sorbents 
(p<0.02, paired t-test, n=20).  
The effect of DOM and/or colloidal matter for PAH sorption is likely to become less 
pronounced with an extended contact time. Data in Fig. A.2 and the statistical analysis 
results in Table A.4 in the Supplementary Data show that the difference between 
Ks(app)_slurry and Ks(app)_clean after 6 month contact is smaller than that after 2.5 month 
contact for the three retrievable ACs although the difference is still statistically 
significant. This suggests that the sorption interference by DOM and/or colloidal matter 
can be (partially) overcome with increased contact time for the retrievable ACs. 
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Fig. 5. Comparison of log Ks(app)_clean determined in clean water and log Ks(app)_slurry 
determined in the slurry phase by contacting 5 dry wt% sorbent with the sediment for 2.5 
months. The solid lines represent the identical values of log Ks(app)_clean and log Ks(app)_slurry 
(1:1 line).  
 
3.4. Sequestration of sediment PAHs to sorbents 
 
The magnetic particle recovery from the mag-coal-AC treated sediment is 55% on 
average after 6 month mixing. A preliminary study result showed greater than 90% 
recovery of mag-coal-AC particles from a sediment slurry readily after preparation. 
Incomplete recovery (~77%) of magnetic AC from sediment slurry agitated for 3 months 
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was also reported by Han et al. [9]. By microscopic and spectroscopic analysis of the 
recovered materials after agitating magnetic ACs in sediment slurry or aqueous solutions, 
the possibility of change in iron oxide mineralogy, attachment of colloidal matter on iron 
oxides, and detachment of iron oxides from the AC matrix was investigated in previous 
studies [9, 10]. However, there was little evidence that these mechanisms significantly 
occurred [9, 10]. Another potential mechanism is the dissolution of iron oxides, but its 
significance has not been addressed in the literature. As the low recovery rate is expected 
to be a practical constraint for application in sediment, studies are needed to identify key 
mechanisms involved in the reduced recovery rate of magnetic ACs and to significantly 
improve the rate after contacting them with sediment. Potential solutions are further 
development of the magnetization technique to improve the durability of magnetic 
susceptibility of the product and optimization of the procedure and duration of contact 
between sediment and magnetic ACs. 
The PAH mass recovery in the sorbent-treated samples determined by analyzing 
PAHs both in collected sorbent and sediment is substantially lower than the PAH mass 
recovery in the untreated samples. For the 12 PAHs studied, the PAH mass recoveries in 
the sorbent-treated samples are in the range of 4-35% of those in the untreated samples 
(see Table A.5 in the Supplementary Data). This can be attributed to the low extraction 
efficiency of PAHs adsorbed on the magnetized sorbent. Studies showed that PAHs 
sorbed to black carbonaceous matter (which includes AC) exhibit low extraction 
efficiency especially for aliphatic solvents such as the hexane/acetone mixture used in the 
current study [21, 22].  
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Because of the low recovery rate of mag-coal-AC, the PAH mass analyzed in the 
separated sediment should be corrected for the presence of remaining sorbent particles to 
obtain the PAH mass actually associated with sediment. By PAH mass balance, the PAH 
mass associated with sediment (𝑀𝑠𝑒𝑑
𝑃𝐴𝐻 in grams) after contacting with the sorbent for 6 
months are calculated by  
𝑀𝑠𝑒𝑑
𝑃𝐴𝐻 = 𝑀𝑠𝑒𝑑,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑃𝐴𝐻 −𝑀𝑠,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑃𝐴𝐻 ×
100 − 𝑅
𝑅
 
(2) 
where 𝑀𝑠𝑒𝑑,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑃𝐴𝐻  and 𝑀𝑠,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑃𝐴𝐻  (g) are the PAH mass measured in the collected 
sediment and sorbent, respectively; and R (%) is the sorbent recovery rate. It is assumed 
that the collected sorbent does not contain any sediment particles.  
Table 3 shows the PAH mass fraction associated with sediment after contacting 
with mag-coal-AC for 6 months. The total PAH mass in the sorbent-treated slurry is 
assumed to be equal to the PAH mass recovered in the untreated samples. The mass 
fraction associated with sediment ranges from 1.1% to 24.8% for the 12 PAHs analyzed. 
In other words, 75.2% to 98.9% of PAHs initially existed in sediment can potentially be 
removed if 100% sorbent recovery is achieved. This suggests the potential of magnetic 
AC amendment for sediment remediation, targeting on complete removal of PAHs from 
the site. Of course, significant advancements of the technology are required to make it 
feasible, including the improvement of efficiency and cost-effectiveness of sorbent 
recovery, minimization of ecotoxicological effects by residual sorbent in the treated 
sediment, development of magnetic AC reuse and regeneration techniques, and 
engineering design for practical application [9].  
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Table 3. PAH mass fraction (%) associated with sediment after contacting with 10 dry wt% 
mag-coal-AC for 6 months. Data are shown as mean±standard error.  
 
4.  Conclusions 
The performance of magnetized and textile form of ACs is characterized for the treatment 
of PAH-contaminated sediments. In clean water, the apparent sorption coefficients (i.e., 
Ks(app)_clean) for the magnetized ACs are comparable to those for a non-magnetized AC 
when mean values for all PAHs studied are compared. However, the two types of ACs 
exhibited different log Kow-log Ks(app)_clean relationship, suggesting that the PAH sorption 
characteristics are changed by magnetization. Carbon cloth shows the least Ks(app)_clean 
Compounds Mass fraction associated with sediment (%) 
Phenanthrene 9.6±2.0 
Anthracene 18.1±3.0 
Pyrene 3.7±0.2 
Benz[a]anthracene 3.3±0.8 
Benzo[a]pyrene 3.6±1.0 
Benzo[ghi]perylene 10.9±2.8 
2-Methylnaphthalene 6.4±9.3 
1,4-Dimethylnaphthalene 5.3±6.8 
2,3,6-Trimethylnaphthalene 4.0±3.6 
1,4,6,7-Tetramethylnaphthalene 1.1±0.8 
2-Methylanthracene 24.8±5.1 
7-Methylbenz[a]anthracene 3.4±0.7 
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values in general, which is likely due to the slow PAH sorption kinetics according to its 
thickness. Treatment of a PAH-contaminated sediment by 5 dry wt% of the magnetized 
ACs results in 88-89% reduction in PE uptakes. The performance of the magnetized ACs 
is somewhat lower than the non-magnetized AC presumably because of the greater 
sorption attenuation effect by DOM and/or colloidal matter. It is shown that amendment 
of the magnetic ACs not only results in the reduction of PE uptakes but also in PAH mass 
transfer from sediment to the ACs such that PAHs can be completed removed from 
sediment by magnetic separation. The low magnetic particle collection efficiency appears 
to be one of the major limitations that has to be overcome if the magnetic ACs are to be 
used for sediment remediation.  
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